Nerve growth factors, substrate and cell adhesion molecules, and protein synthesis are considered necessary for most developmental programs, including cell proliferation, migration, differentiation, axogenesis, pathfinding, and synaptic plasticity. Their direct involvement in synapse formation, however, has not yet been fully determined. The neurite outgrowth that precedes synaptogenesis is contingent on protein synthesis, the availability of externally supplied growth factors, and substrate adhesion molecules. It is therefore difficult to ascertain whether these factors are also needed for synapse formation. To examine this issue directly we reconstructed synapses between the cell somata of identified Lymnaea neurons. We show that when paired in the presence of brain conditioned medium (CM), mutual inhibitory chemical synapses between neurons right pedal dorsal 1 (RPeD1) and visceral dorsal 4 (VD4) formed in a soma-soma configuration (86%; n ϭ 50). These synapses were reliable and target cell specific and were similar to those seen in the intact brain. To test whether synapse formation between RPeD1 and VD4 required de novo protein synthesis, the cells were paired in the presence of anisomycin (a nonspecific protein synthesis blocker). Chronic anisomycin treatment (18 hr) after cell pairing completely blocked synaptogenesis between RPeD1 and VD4 (n ϭ 24); however, it did not affect neuronal excitability or responsiveness to exogenously applied transmitters (n ϭ 7), nor did chronic anisomycin treatment affect synaptic transmission between pairs of cells that had formed synapses (n ϭ 5). To test the growth and substrate dependence of synapse formation, RPeD1 and VD4 were paired in the absence of CM [defined medium; (n ϭ 22)] on either plain plastic culture dishes (n ϭ 10) or glass coverslips (n ϭ 10). Neither CM nor any exogenous substrate was required for synapse formation. In summary, our data provide direct evidence that synaptogenesis in this system requires specific, cell contact-induced, de novo protein synthesis but does not depend on extrinsic growth factors or substrate adhesion molecules.
To f unction properly, the adult brain relies heavily on neuronal connectivity patterns that are orchestrated during early embryonic development (McMahan, 1990; Nelson et al., 1990; Goodman and Shatz, 1993; Hall and Sanes, 1993; Jessel and Kandel, 1993; Goodman, 1994 Goodman, , 1996 Grantyn et al., 1995; Katz and Shatz, 1996; Wu et al., 1996; Spencer et al., 1997 ). Yet, the cellular and molecular mechanisms (intrinsic and /or extrinsic) that determine the specificity of synaptic connections in the nervous system remain poorly understood. This gap in our f undamental knowledge regarding nervous system development (and also regeneration) owes its existence to the complexity of the mammalian brain: synapse formation between defined pre-and postsynaptic neurons can be studied only rarely in the intact nervous system. Various in vivo and in vitro preparations have helped to identify extrinsic environmental factors that regulate neurite outgrowth, axonal pathfinding, target cell selection, synapse specificity, and modulation (Glanzman et al., 1989; Taira et al., 1993; Bonhoeffer, 1996) . In most systems studied thus far, growth factors (Lindsay et al., 1994; Funakoshi et al., 1995; Braun et al., 1996; Cellerino and Maffei, 1996; Henderson, 1996; Lewin, 1996) , protein synthesis (Ambron et al., 1985; Steward et al., 1988) , and substrate adhesion molecules (Doherty and Walsh, 1989) are considered necessary requirements for neurite outgrowth (Fujii et al., 1982; Chiquet and Nicholls, 1987; Bulloch and Syed, 1992) . Whether synaptogenesis is also contingent on these factors has not yet been fully determined. The answer is difficult to discover in most preparations, because synapse formation requires neurite extension, which in turn relies on the availability of various growth factors (Henderson, 1996) and substrate adhesion molecules (Doherty and Walsh, 1989) as well as on newly synthesized proteins (Steward et al., 1988) .
To obtain synapses in the absence of neurite outgrowth, Fuchs et al. (1981 Fuchs et al. ( , 1992 developed soma-soma synapses between the identified leech neurons. Haydon (1988) subsequently adopted this approach to develop and exploit soma-soma synapses between the identified Helisoma neurons. This approach was further extended to leech (Nicholls et al., 1990) and Aplysia (Klein, 1994) , in which appropriate synapses between the cell somata of identified neurons were successfully reconstructed in the absence of neurite outgrowth. This soma-soma synapse approach has led to a greater understanding of intrinsic ionic and synaptic mechanisms that regulate synaptogenesis and synaptic f unction (Nicholls et al., 1990; Haydon and Drapeau, 1995) . Under these experimental conditions, however, both extrinsic trophic molecules [conditioned medium (C M), Helisoma: (Haydon, 1988) ; hemolymph, Apl ysia (K lein, 1994) ; fetal serum, leech (Nicholls et al., 1990) ] and various substrate molecules [poly-L-lysine, Helisoma (Haydon, 1988) ; no substrate, Apl ysia (K lein, 1994); concanavalin A, leech (Nicholls et al., 1990) ] were considered necessary for either neurite outgrowth or soma-soma synapses to form. Finally, whether the specificity of synaptogenesis between the soma-soma paired neurons required newly synthesized proteins was not f ully tested.
To examine some of the above issues, we tested the following hypotheses: (1) specific synapses between the cell somata of identified Lymnaea neurons reform in a soma-soma configuration, and (2) synaptogenesis between the somata pairs is contingent on de novo protein synthesis, which is intrinsically regulated, and does not require extrinsic trophic factors and foreign substrate adhesion molecules. To test these hypotheses, we first developed an in vitro model system in which reciprocal inhibitory synapses between the somata of identified Lymnaea respiratory neurons right pedal dorsal 1 (RPeD1) and visceral dorsal 4 (VD4) were reconstructed in cell culture. RPeD1 and VD4 are located on the dorsal surfaces of the right pedal and visceral ganglia, respectively (Syed and Winlow, 1991) . Mutual inhibitory synapses exist in vivo between RPeD1 and V D4 (Syed and Winlow, 1991) . RPeD1 is dopaminergic (Cottrell et al., 1979) and does not synapse with another identified neuron, V D1 . When cultured in the presence of C M, RPeD1 and VD4 grow extensive neurites and reestablish appropriate inhibitory synapses (Syed et al., 1990) , which are similar to those seen in vivo (Syed and Winlow, 1991) . T ypically, these neurite-neurite synapses between RPeD1 and V D4 in vitro (Syed et al., 1990) are distant from the somata and therefore are not amenable to direct electrophysiological analysis. In the present study, the somata of the neurons RPeD1 and V D4 were isolated in cell culture and immediately juxtaposed. We demonstrate that synapses similar to those observed in the intact brain reform reliably and selectively between the somata of RPeD1 and VD4 in the absence of neurite outgrowth. We also demonstrate that synapses between RPeD1 and VD4 require newly synthesized proteins to form but that synaptogenesis is independent of extrinsic growth factors or specific substrate requirement.
MATERIALS AND METHODS
Animals. Laboratory-raised stocks of the fresh water snail Lymnaea stagnalis were maintained at room temperature in well aerated pond water and fed lettuce. Snails with a shell length of 10 -15 mm (approximate age 2-4 months) were used.
Cell culture. All animals were dissected under sterile conditions as described earlier (Syed et al., 1990) . Specifically, animals were anesthetized with 10% Listerine solution in normal saline [(in mM): 51.3 NaC l, 1.7 KC l, 4.0 C aC l 2 , and 1.5 MgC l 2 ]-buffered H EPES to pH 7.9. The isolated central ring ganglia were washed several times (six to seven washes of 10 min each) with antibiotic saline (gentamycin, 50 g /ml). To prepare brain C M, gentamycin (20 g /ml)-treated ganglia were incubated in defined medium (DM; L -15) contained in Sigma-Coate-treated glass petri dishes. These dishes were maintained in a humidified glass chamber for 3 d (for details, see Wong et al., 1981) . Brains were subsequently removed, and the C M was frozen (Ϫ20°C) until it was used. For cell culture, the antibiotic-treated ganglia were subsequently enzyme-treated and pinned down to the bottom of the dissection dish (Syed et al., 1990; Ridgway et al., 1991) . Fire-polished glass pipettes were used to extract neurons, and the isolated cells were subsequently plated on plain plastic dishes (Falcon 3001), plain glass coverslips, or poly-Llysine-pretreated coverslips (Ridgway et al., 1991) . C ells were plated in the presence of C M, DM, or saline. To obtain soma-soma pairs, the isolated somata of the identified neurons were isolated as described earlier (Syed et al., 1990 ) and juxtaposed immediately. The paired neurons were left undisturbed overnight. To test whether anisomycin (12.5 g /ml) affected synaptogenesis, this drug was added to the culture dishes after 1-2 hr of cell plating, and these dishes were then left undisturbed for 12-18 hr. To determine whether chronic anisomycin treatment affected synaptic transmission between soma-soma pairs, this protein synthesis inhibitor was added to the culture dishes (12.5 g /ml) after 12-18 hr of cell pairing. These anisomycin-treated cultures were left undisturbed for an additional 12-18 hr, and the synaptic transmission between the neurons was retested.
Electrophysiolog y. Simultaneous intracellular recordings were made using conventional sharp recording techniques as described previously (Syed and Winlow, 1991) . Specifically, glass microelectrodes (1.5 mm internal diameter; World Precision Instruments) were pulled on a vertical electrode puller (Kopf, 700C) and filled with a saturated solution of K 2 SO 4 (resistance 20 -40 M⍀). Neurons were viewed under a Z eiss (Axiovert 135) inverted microscope (with Nomarski attachments) and impaled with Narishige (Tokyo, Japan) micromanipulators (MM 202 and MM 204) . The intracellular signals were amplified via a preamplifier (NeuroData, IR-283), displayed on a storage oscilloscope (Fluka 2000, Buchs, Switzerland) , and recorded on a Gould chart recorder (Gould TA 2405). Dopamine was applied exogenously via a pressure injection system (Eppendorf Microinjector, 5242). Glass electrodes (tip diameter 3-5 m) were filled with dopamine (10 Ϫ5 M), which was then pressure-applied (2-5 psi pulses of 1-3 sec duration) directly to the neuronal somata. Neurons were judged to be electrically coupled if they permitted the passage of both depolarizing and hyperpolarizing current pulses in both directions.
All chemicals used in this study were obtained from Sigma, unless stated otherwise.
Electron microscopy. For electron microscopy, the electrophysiologically recorded somata were fixed for 2 hr at room temperature in a mixture of 2% freshly prepared formaldehyde and 0.5% glutaraldehyde in 0.1 M sodium cacodylate buffer, pH 7.4, supplemented with 0.3 M sucrose. After a 30 min post-fixation with 1% OsO 4 , the cells were dehydrated in an ascending series of alcohol and embedded in Epon. The area of interest on the plastic culture dish was cut out, glued to a small block of Epon, and sectioned. After post-staining with lead and uranyl acetate, the sectioned material was examined under a JOEL P 1010 electron microscope. 
RESULTS
Neuron RPeD1 is located in the right pedal ganglion, and VD1 and V D4 are situated in the visceral ganglion ( Fig. 1 A) . Mutual inhibitory synapses exist in vivo between RPeD1 and VD4 ( Fig.  1 B) , whereas no synaptic connections are found between RPeD1 and V D1 (Fig. 1 B) . In the first series of experiments, we demonstrate that specific synapses between RPeD1 and VD4 reform in a soma-soma configuration. A similar cell pairing between RPeD1 and V D1 did not result in synaptogenesis between these cells.
Specific inhibitory synapses between the cell somata of neurons RPeD1 and VD4 reformed in cell culture
Somata of RPeD1 and V D4 were isolated individually as described previously (Syed et al., 1990 , Ridgway et al., 1991 and maintained on the poly-L-lysine-coated dishes containing CM (Fig. 2 A) . After 12-24 hr in vitro, simultaneous intracellular recordings were made from both neurons. Mutual inhibitory synapses similar to those seen in vivo regularly reformed between the cell somata (86%; n ϭ 50). For example, single ( Fig. 2 B) or compound action potentials in VD4 (Fig. 2C ,D) produced unitary ( Fig. 2 B) or compound postsynaptic potentials in RPeD1 (Fig.  2C,D) , respectively, and vice versa (Fig. 2 E -G) . It is important to note that the nature of these synapses between RPeD1 and VD4 is variable in the intact brain, and they are often observed as either unitary or compound IPSPs (Syed et al., 1990; Syed and Winlow, 1991) (Fig. 2) . These data are summarized in Figure 3 , which shows that of 50 cell pairs investigated in this study, 43 formed reciprocal, inhibitory chemical synapses and three exhibited electrical synapses, whereas neither chemical nor electrical synapses were observed between the remaining four cell pairs. This study is the first to reconstruct synapses between the somata of identified Lymnaea neurons.
RPeD1 did not synapse with an identified nontarget neuron VD1
To test the specificity of target cell selection, RPeD1 was paired with neuron VD1. Although in vivo the neuron VD1 is located in Figure 2 . Specific inhibitory synapses between the somata of neurons RPeD1 and V D4 reestablish in cell culture. RPeD1 and V D4 were paired in a soma-soma configuration ( A), and simultaneous intracellular recordings were made. After 12-24 hr of plating, mutual inhibitory synapses reformed between these cells. Specifically, either single ( B) or compound action potentials in V D4 (C, D, arrows) produced unitary ( B) or compound postsynaptic potentials in RPeD1 (C, D), respectively, and vice versa ( E-G). Note: these synapses were consistent with those seen in the intact brain.
the same ganglion as V D4 and is in close proximity to the neurites of RPeD1 (Haydon et al., 1985) , it does not receive synaptic input from RPeD1 . An additional reason for selecting this particular nontarget cell was its ability to exhibit an electrophysiological response to exogenously applied dopamine, the neurotransmitter of RPeD1 (Magoski et al., 1995) . RPeD1 was isolated in vitro and paired with V D1 (Fig. 4 A) as described above. Simultaneous intracellular recordings after 12-24 hr of pairing did not reveal an electrophysiologically detectable synapse between the cells (n ϭ 18) (Fig. 4 B,C) . To demonstrate that VD1 expresses f unctional dopamine receptors, dopamine was applied exogenously. Pressure application of dopamine (10 Ϫ5 M; 0.5-1.0 sec pulses of 1-2 psi) either induced a hyperpolarizing response at rest (n ϭ 5) (Fig. 4 D) or terminated spiking activity of a spontaneously active V D1 (n ϭ 5) (Fig. 4 E) . These data demonstrated that RPeD1 did not form a soma-soma synapse with a dopamine-responsive nontarget cell.
Together, these data show that in cell culture RPeD1 reestablished specific synapses with V D4 but not V D1. They do not rule out, however, the possibility that the electrophysiologically recorded synaptic responses of RPeD1 and V D4 may be attributable to diff use, nonsynaptic transmitter release.
Inhibitory responses recorded from soma-soma paired RPeD1 and VD4 are synaptic and target cell specific
To rule out nonsynaptic transmitter release by soma-soma paired RPeD1 and V D4, and to demonstrate that a V D1-contacted RPeD1 was indeed capable of transmitter secretion (synaptic), three cells (RPeD1, V D4, and V D1) were paired in a configuration such that RPeD1 contacted the cell somata of both VD1 and VD4 (Fig. 5A ). Because both V D4 and V D1 are dopamine responsive, we anticipated that nonsynaptic dopamine release from RPeD1 should be detectable by both of these neurons. Under these experimental conditions, however, we found that VD4 but not V D1 exhibited an inhibitory response to the electrical stimulation of RPeD1 (n ϭ 4) (Fig. 5B,C) . Note that VD1 did exhibit an inhibitory response to exogenously applied dopamine (n ϭ 4; 10 Ϫ5 M) (Fig. 5D) , showing that it did express functional dopamine receptors.
Taken together, these data demonstrate that (1) RPeD1 in vitro is selective in its target cell, (2) transmitter release by RPeD1 was synaptic, and (3) the presence of dopamine receptors is insufficient to induce V D1 synaptogenesis with RPeD1.
Morphological evidence for chemical synapses between the soma-soma paired neurons RPeD1 and VD4
We next sought morphological evidence for soma-soma synapses between the paired neurons. RPeD1 and VD4 were paired as described above, and intracellular recordings were made to confirm synaptic interactions between the neurons. Electrophysiologically tested neurons were then fixed, sectioned, and analyzed by electron microscopy. Figure 6 shows electron micrographs of soma-soma contacts between VD4 and a RPeD1. RPeD1 extended "finger-like" projections that invaginated into the plasma membrane of VD4 (n ϭ 4). These invaginations contained clusters of typical dopamine-containing vesicles in RPeD1 (Fig. 6 ) (also see Spencer et al., 1997) . Because VD4 is a peptidergic neuron, its vesicles are morphologically distinct from those of RPeD1 (dopaminergic). It is also important to note that these molluscan "synapse-like" structures are characteristic of Lymnaea synapses seen in vivo (Roubos and Moorer-van Delft, 1979) . These data therefore are consistent with previously published studies and provide morphological evidence for molluscan "synapse-like" structures between soma-soma paired neurons RPeD1 and VD4.
Synaptogenesis between RPeD1 and VD4 somata required de novo protein synthesis
To test whether newly synthesized proteins were required for synapse formation between paired somata of RPeD1 and VD4, these cells were cultured as described above but in the presence of anisomysin (a nonspecific protein synthesis inhibitor; 12.5 g/ml). Simultaneous intracellular recordings were made after 18 -24 hr of soma-soma pairing. Anisomysin completely blocked the development of synaptic responses between RPeD1 and VD4 (n ϭ 24) (Fig. 7) , despite the fact that both neurons exhibited normal resting membrane potential and action potential amplitude and duration (data not shown). Moreover, these soma-soma paired neurons continued to exhibit normal (hyperpolarizing) electrophysiological responses to exogenously applied dopamine (n ϭ 7) (Fig. 8) , suggesting that the anisomysin treatment did not affect the postsynaptic dopamine response in VD4.
To rule out the possibility that prolonged anisomycin treatment had nonspecific toxic effects, already synapsed RPeD1-VD4 were cultured and then subjected to chronic anisomycin treatment Figure 3 . Chemical synapses between RPeD1 and V D4 formed reliably and consistently in a soma-soma configuration. When plated on poly-L-lysinecoated dishes containing C M, both RPeD1 and V D4 formed specific inhibitory connections with each other. A shows total numbers of soma-soma pairs that were tested in this study, whereas B shows percentage of cells that were found to be synaptically connected. Total, The total number of cells plated; CS, chemical synapses; ES, electrical synapses; NS, no synapses detected.
(6 -24 hr). Anisomycin did not affect synaptic transmission between RPeD1 and V D4 (n ϭ 5) (Fig. 9) .
Taken together, these data demonstrate that soma-soma synapses between RPeD1 and V D4 require new protein synthesis. To test whether synaptogenesis was contingent on extrinsic growth factors present in the C M, and /or any given substrate molecule (such as poly-L-lysine), we attempted to reconstruct RPeD1-V D4 synapses in the absence of these factors.
Synaptogenesis between soma-soma paired RPeD1 and VD4 was independent of extrinsic trophic factors and substrate adhesion molecules
Neurite outgrowth by adult Lymnaea neurons is dependent on trophic factors present in C M (Syed et al., 1990; Ridgway et al., 1991) . To determine whether these Lymnaea CM-derived factors are also necessary for synapse formation, RPeD1 and VD4 were juxtaposed as described above but in the absence of CM (i.e., in either DM, n ϭ 22, or saline, n ϭ 7). Under these experimental conditions, synapses reformed between RPeD1 and VD4 (n ϭ 22) (Fig. 10) . Both quantitatively and qualitatively (IPSP duration and amplitude; data not shown), these synapses were similar to those observed in the presence of CM (Fig. 3) .
In previously published studies, poly-L-lysine was a prerequisite for neurite outgrowth (Wong et al., 1981; Syed et al., 1990; Ridgway et al., 1991) . To test its importance for synapse formation, RPeD1 and VD4 soma-soma pairs were plated on either plain glass coverslips (n ϭ 10) or plain plastic culture dishes (n ϭ Figure 4 . RPeD1 did not synapse with its nontarget neuron VD1. When RPeD1 was soma-soma paired with its in vivo nonsynaptic partner cell VD1 ( A) and RPeD1 was stimulated intracellularly (arrow), an electrophysiologically detectable synapse was not found (B, C). Note that VD1 did indeed exhibit an electrophysiological response to exogenously applied dopamine (D, E, arrows). Both neurons were paired on poly-L-lysine-coated dishes containing CM. 10) (Falcon 3001). Soma-soma synapses between RPeD1 and VD4 formed in the absence of substrate coating (DM ϩ glass, n ϭ 10; DM ϩ plastic, n ϭ 10) (Fig. 11) , suggesting that poly-Llysine is not required for synapse formation between the somata pairs.
Taken together, these data are consistent with the hypotheses that (1) specific inhibitory synapses between RPeD1 and VD4 form in a soma-soma configuration and (2) this synaptogenesis follows an inherent program that is contingent on new protein synthesis but does not require extrinsic growth factors or substrate adhesion molecules.
DISCUSSION
Because of its anatomical complexity, little is known regarding the intrinsic and extrinsic factors that are necessary for synapse formation in the nervous system. Synapse formation between individually defined pre-and postsynaptic neurons cannot be studied in vivo at the present time, especially under an extracellularly controlled environment. Various researchers interested in synapse formation have resorted, therefore, to simple cell culture techniques in which individually definable neurons can be extracted from the nervous system and studied in isolation under controlled experimental conditions (Dagan and Levitan, 1981; Bulloch and Syed, 1992; Haydon and Drapeau, 1995) . Notwithstanding the fact that these cell culture conditions are artificial and may not reflect those that occur naturally, these studies have provided insights into cellular mechanisms that are fundamental to synapse formation (Chow and Poo, 1985; Bulloch and Syed, 1992; Hawver and Schacher, 1993; Catarsi et al., 1995; Haydon and Drapeau, 1995; Mennerick et al., 1995) .
To gain direct and simultaneous access to both pre-and postsynaptic somata and their synaptic machinery, Haydon (1988) developed synapses between the somata of identified Helisoma neurons in the absence of neurite outgrowth. Specifically, the isolated somata of neurons B5 and B19 juxtaposed in culture developed inhibitory soma-soma synapses. Although these synapses do not exist in vivo, this model nevertheless provided insights into the secretory assembly that mediated synaptic transmission between these neurons (Man-Son-Hing et al., 1989; Zoran et al., 1993; Zoran and Poyer, 1996) . Recently, Klein (1994) used this approach to reconstructed specific synapses between the Aplysia sensory and motor neurons that are appropriate and similar to those seen in vivo. In the present study, we reconstructed the mutually inhibitory and specific synapse between the somata of identified Lymnaea respiratory neurons. These synapses were similar to those found in vivo (Syed and Winlow, 1991) and also resembled those that were reconstructed between the neurites of these neurons in vitro (Syed et al., 1990) . Our approach for obtaining soma-soma synapses was conceptually similar to that of Haydon (1988) and Klein (1994) , but there were several experimental differences. For instance, both Haydon (1988) and Figure 5 . The inhibitory response recorded from a soma-soma paired RPeD1 and V D4 was synaptic and target cell specific. To rule out the possibility of nonsynaptic transmitter release by soma-soma paired neurons, RPeD1, V D4, and V D1 were paired together ( A). Because both VD4 and VD1 are dopamine responsive, we anticipated that a diff use release of dopamine should be detectable by both of these neurons. Under these experimental conditions, we found V D4 ( B) but not V D1 ( C) to exhibit an inhibitory response to RPeD1 stimulation (arrows). Note that V D1, however, did exhibit an inhibitory response to exogenously applied dopamine (D, arrow). Klein (1994) needed to maintain their pre-and postsynaptic neurons in isolation from each other for 24 -48 hr before cell pairing. The paired neurons were then juxtaposed under experimental conditions that prevented neuronal adhesion to the poly-L-lysine substrate for an additional 24 hr. These neurons were then plated on poly-L-lysine dishes containing either CM (Helisoma) or hemolymph (Apl ysia) and recorded electrophysiologically. Our approach resembled that adopted previously for leech neurons (Nicholls et al., 1990) , in which the cells were paired immediately after isolation. The time course of synaptogenesis between these two species was similar (4 -12 hr), but the incidence of chemical synapses between soma-soma pairs was much higher in Lymnaea (88%) than in leech (30%) (Nicholls et al., 1990) . We found that soma-soma synapses between Lymnaea neurons (RPeD1 and V D4) were almost always nonfatiguing; i.e., synaptic transmission continued unabated, despite repeated stimulation of the presynaptic cells. Because synapses between RPeD1 and V D4 formed reliably (88%) within 4 (data not shown) to 18 hr (Fig. 3) , we believe that our approach is simpler than that used elsewhere and will enable us to study cellular and molecular changes during the early stages of synaptogenesis. This study is not only the first to demonstrate soma-soma synapses between Lymnaea neurons, but it also provides first evidence that specific, reciprocal inhibitory synapses between the somata of identified neurons can be reconstructed in cell culture.
It can be argued that in a soma-soma configuration, neurons are "forced" to form synapses that may not be natural. Because soma-soma synapses between RPeD1 and VD4 were similar to those seen in vivo, we are confident that these synapses are appropriate and normal. Moreover, if these neurons were "forced" into forming synapses, then RPeD1 also might have been expected to form a synapse with its nontarget cell VD1 (Figs. 4, 5) ; however, this was not the case. These data are consistent with other studies in which the specificity of synaptogenesis between identified neurons was also shown to be preserved in the soma-soma configuration (Nicholls et al., 1990; Klein, 1994) . The data presented in Figure 5 deal with an additional issue, i.e., whether the electrophysiological responses recorded from RPeD1 and VD4 were indeed "synaptic" and not caused by a nonsynaptic (diffused) release of neurotransmitter. Had transmitter release from RPeD1 been nonsynaptic and diffuse, then any dopamine-responsive neuron, such as VD1, should exhibit an electrophysiological response after RPeD1 stimulation. This was not the case. Despite the fact that the membrane contact of VD1 with RPeD1 was more extensive (larger somata) than VD4, and that VD1 responded to exogenous dopamine, we detected synaptic release only between RPeD1 and VD4. This study, therefore, is the first to examine the issue of synaptic versus nonsynaptic (diffuse) release of transmitter from the synapsed neurons in any preparation studied to date.
Taken together, these data show that (1) RPeD1 is specific in its target cell selection, (2) transmitter release between the neurons RPeD1 and VD4 is most likely synaptic, and (3) the presence of electrophysiologically functional dopamine receptors on (right) and RPeD1 (lef t) neurons. RPeD1 extended "finger-like" projections that invaginated into the plasma membrane ( P) of VD4 (arrows). Within these invaginations were contained clusters of typical dopamine-containing vesicles (small arrowheads). Note that dense-cored secretory vesicles of V D4 (small arrows) were morphologically distinct from those of RPeD1. It is also important to note that these "molluscan synapse-like" structures were characteristic of Lymnaea synapses seen in vivo (Roubos and Moorer-van Delft, 1979) . P, Plasma membrane; RER, rough endoplasmic reticulum; M, mitochondrion. Scale bar, 100 nm.
VD1 is not sufficient for its synaptogenesis with RPeD1. In other words, if transmitter-receptor interactions were sufficient to generate specificity of synaptic contacts in the nervous system, then RPeD1 also would have synapsed with V D1.
Because "synapse" is a morphological term, we sought morphological profiles of synapses between soma-soma contacted neurons. Figure 6 shows such a molluscan synapse-like structure, with clustered transmitter vesicles within the finger-like projections that invaginated into the plasma membrane of the postsynaptic cell. These synaptic structures have been described previously for most vertebrate synapses, albeit they are not so unusual for molluscan species such as Lymnaea (Roubos et al., 1979) , Apl ysia (K lein, 1994) , and Helisoma (R. Berdan, personal communication). Despite an extensive search, we were unable to find profiles of classic synapses such as those observed in most vertebrate species.
De novo protein synthesis is considered important for synapse plasticity, modulation, learning, and memory (Steward and Falk, 1986; Schacher et al., 1988; Steward et al., 1988) , but its involvement in synapse formation has not been f ully explored. In the present study, anisomycin, a nonspecific protein synthesis inhibitor, blocked synapse formation between RPeD1 and VD4 but did not perturb neuronal excitability and nor did its chronic application alter preexisting synaptic transmission between the neurons. Taken together, our data are consistent with the hypothesis that soma-soma synapse formation between RPeD1 and VD4 requires de novo protein synthesis. Whether de novo protein synthesis is contingent on cell-cell contacts between RPeD1 and VD4 or occurs independently was not tested in the present study.
We have shown previously that neurite outgrowth by adult Lymnaea neurons is regulated by various growth factors present in the CM (Syed et al., 1990; Fainzilber et al., 1996) . Moreover, murine nerve growth factor (NGF) (Ridgway et al., 1991) and ciliary neurotrophic factor (CNTF) can also initiate neurite outgrowth by Lymnaea neurons, but synaptogenesis between select pre-and postsynaptic neurons in this species is differentially regulated. For instance, neurons cultured in the presence of NGF exhibited both neurite outgrowth and synaptogenesis, whereas in the presence of CNTF these neurons sprouted extensively but failed to establish electrophysiologically detectable synapses . Because in the present study we demonstrated that extrinsic trophic factors are not required for synapse formation between RPeD1 and VD4, we believe that in our previous studies CNTF may have exerted synapse suppressive affects on these neurons. This possibility remains to be investigated. The data presented in this study do Figure 7 . Protein synthesis was required for synapse formation between soma-soma-paired neurons RPeD1 and V D4. RPeD1 and V D4 were cultured on poly-L-lysine substrate in the presence of C M. Anisomycin (12.5 g/ml) was added to the culture dishes after 1-2 hr of cell pairing. As compared with the control preparations (no anisomycin) ( A), anisomycin ( B) completely blocked the formation of electrophysiologically detectable synapses (recorded after 18 -24 hr of post-plating) (n ϭ 24). CS, Chemical synapses; ES, electrical synapses; NS, no synapses. not rule out the possibility that various, as yet unidentified, trophic factors released by RPeD1 or V D4 or both may be involved in synaptogenesis. This assumption is consistent with other studies in which specific trophic factors secreted by either the postsynaptic target or the presynaptic neuron have been shown to modulate the secretory machinery of the synaptic partner cells (Berninger and Poo, 1996; Stoop and Poo, 1996) .
Various cell and substrate adhesion molecules have been implicated in target cell selection and specific synapse formation (Chow, 1990; Z hu et al., 1994; Noakes et al., 1995) . Although their involvement in axonal pathfinding and target cell selection is established, their precise role in synaptogenesis remains to be determined (Doherty and Walsh, 1992) . For instance, cell adhesion molecules play roles in neurite outgrowth, synapse formation, and plasticity in various animal preparations (Douglas and Itoh, 1996) , whereas in other preparations they are not considered necessary for synaptogenesis (Mehrke et al., 1984) . Because neurite outgrowth by Lymnaea neurons is highly dependent on a poly-L-lysine substrate (Syed et al., 1990 ), the present study tested whether substrate molecules are also necessary for synapse formation. Because synapses between RPeD1 and VD4 somata formed in the absence of any substrate, our data show that they are not obligatory for synaptogenesis.
In conclusion, this study provided the first direct evidence that de novo protein synthesis was required for synapse formation and demonstrated that extrinsic growth factors and substrate molecules were not needed. Because neurons used in the present study are important components of the central respiratory rhythm generator, the soma-soma synapse model will now allow us to explore the cellular, biophysical, and synaptic mechanisms that govern respiratory rhythmogenesis in Lymnaea. Moreover, because both synapses and somata are amenable to direct molecular and electrophysiological analysis, this model provides us with an unparalleled opportunity to identify various gene products (van Kesteren et al., 1996) and ion channels that are regulated during synaptogenesis. Figure 9 . Anisomycin did not affect synaptic transmission between RPeD1 and V D4. To test for the possible toxic effects of anisomysin on cultured neurons, synapsed RPeD1 and VD4 pairs were subjected to chronic anisomysin treatment (6 -24 hr). These prolonged incubations with anisomycin did not affect synaptic transmission between RPeD1 and V D4. Figure 10 . Synaptogenesis between soma-soma paired RPeD1 and VD4 was independent of extrinsic trophic factors. RPeD1 and VD4 were juxtaposed in the presence of DM on poly-L-lysine-coated dishes. Synapses between RPeD1 and VD4 reformed reliably in the absence of conditioning factors. A shows total number of synapses tested in the presence of DM, whereas B shows percentage of neurons that were either synaptically connected or not connected. The incidence of synapses between the cell pairs (in the absence of C M) was similar to that seen in the presence of C M (Fig. 3) . Figure 11 . Substrate-independent synaptogenesis between soma-soma paired neurons RPeD1 and VD4. To test whether poly-L-lysine substrate was necessary for synapse formation between RPeD1 and VD4, these cells were paired either on plain glass coverslips ( A) or plastic culture dishes (Falcon 3001) (B). The incidence of synapses between soma-soma paired cells is represented in terms of percentage. Synapses between RPeD1 and VD4 formed regardless of the substrate used.
